An experimental study of the long range behavior of the ground state X 1 Σ + g of Sr2 is performed by high resolution spectroscopy of asymptotic vibrational levels and the use of available photoassociation data. Ground state levels as high as v ′′ = 60 (outer turning point at 23Å and 0.1 cm −1 below the asymptote) could be observed by Fourier-transform spectroscopy of fluorescence progressions induced by single frequency laser excitation of the v ′ = 4, J ′ = 9 rovibrational level of the state 2 1 Σ + u . A precise value of the scattering length for the isotopologue 88 Sr2 is derived and transferred to all other isotopic combinations by mass scaling with the given potential. The derived potential together with already published information about the state 2 1 Σ + u directs to promising optical paths for producing cold molecules in the electronic ground state from an ultracold ensemble of Sr atoms.
I. INTRODUCTION
Our spectroscopic work on this molecule is motivated by the current high interest in ultracold ensembles of Strontium atoms [1] [2] [3] [4] , which could be a candidate for an optical frequency standard [5] [6] [7] , and also by interest in ultracold Sr 2 molecules [8, 9] . Though for all these experiments reliable knowledge of collision properties for Sr atoms like scattering lengths would be of advantage, there was no sufficiently precise ground state potential available from ab initio calculations or experimental work, from which these quantities could be derived by directly solving the radial Schrödinger equation.
In [10] we reported on the optical spectrum of the system 2 1 Σ + u -X 1 Σ + g with more than 10300 transitions which involve the term energies of nearly 60% of the existing rovibrational levels of the ground state for the main isotopologue 88 Sr 2 and additionally many levels for the isotopologues 86 Sr 88 Sr and 87 Sr 88 Sr. We reached vibrational levels up to v ′′ = 49 and rotational levels up to J ′′ = 224. Using this data set we had to correct the rotational assignment given by [11] by four units and were able to construct a potential energy curve (PEC) which is reliable in the range from 4 to 11Å, covering an energy region from the bottom up to 9 cm −1 below the dissociation asymptote. With the help of theoretically calculated long range coefficients C 6 and C 8 [12, 13] and at that time available node positions of the scattering wave function at large internuclear separation for a kinetic energy of a few microkelvins [14] and 2 mK [1] from photoassociation, we estimated a complete set of scattering lengths for all combinations of naturally abundant Sr isotopes. Using our derived potentials to calculate Franck-Condon factors we proposed spectroscopic schemes to measure the highest existing vibrational levels of the ground state. Meanwhile new work on photoassociation [15] was performed and the binding energy of the last vibrational level v ′′ = 62 for 88 Sr 2 was determined and for 84 Sr two groups reached Bose-Einstein condensation [16, 17] .
In this work we report on successful experiments in the proposed direction and derive ground state levels close to the asymptote with which we extend the precisely known potential region significantly into the long range regime. With these data the experimental knowledge about the long range coefficients C 6 , C 8 and C 10 and the precision in the scattering lengths will be improved.
The paper is organized as follows: Section II describes the experimental methods, Sec. III shows the obtained data set and discusses the measurement uncertainties, Sec. IV presents the resulting ground state potential and scattering lengths. Sec. V gives conclusions and a short outlook.
II. EXPERIMENT
The apparatus is the same as in [10] , the experimental procedure is an extension of the earlier one. Strontium is filled into a stainless steel heatpipe, which is heated to a temperature of about 1220 K under 20 mbar of argon as a buffer gas. To keep the optical path free from condensing strontium crystals growing at both ends of the heatpipe, the oven has to be moved every two hours to bring this Sr back to the heated zone. This means, that the heated cell is not working perfectly as a heatpipe where the condensed substance flows back to the heated region.
The molecules are excited to the v ′ = 4 level of the state 2 1 Σ + u by light from a Coherent CR 699 ring dye laser operated with Rhodamine 6G at frequencies close to 17635 cm −1 (depending on the rotational quantum number J). The power of the dye laser was about 70 mW in front of the heatpipe. The fluorescence light emitted antiparallel to the beam direction of the laser is imaged into a Bruker IFS 120 HR Fourier-transform spectrometer.
To measure the highest vibrational levels of the ground state, the vibrational band of the excited state with v ′ = 4 and the rotational levels with J ′ = 25, J ′ = 21, J ′ = 17, J ′ = 13, and J ′ = 9 were selected. Low J are very important for observing asymptotic levels because high J are not existing for these v. For measuring the progres-sion starting from J ′ = 25 a resolution of 0.05 cm −1 was used, but because of the small spacings between the lines with v ′′ > 50 it was expected that for the smaller J ′ the P, R doublets of the highest vibrational levels would not be completely resolved with this resolution. Therefore, the resolution was increased for the remaining measurements to 0.02 cm −1 . For increasing the sensitivity of the measurements without saturating the amplifiers in the detection unit of the spectrometer selected optical filters were used. For the progressions of the four larger J ′ (25 to 13) a holographic notch filter and a OG 590 color glass filter were inserted to suppress the internal HeNe laser of the spectrometer and the stray light of the dye laser, respectively. For the three progressions (J ′ = 25, 21, and 17) up to 600 scans of the spectrometer were averaged and for J ′ = 13 about 800 scans were necessary to identify safely lines to the highest existing levels with v ′′ = 59 and 60. To be able to observe v ′′ = 60 also for J ′ = 9, where the intensity is already significantly lower because of the smaller degeneracy of that level, the experiment had to be further optimized. With a single bandpass filter with 10 nm FWHM (full width at half maximum) around 600 nm, where the expected fluorescence for v ′′ > 30 should appear, and a laser power of more than 200 mW in front of the heatpipe it was possible to identify two more rotational levels for v ′′ = 60 (J ′′ = 8 and J ′′ = 10) by averaging 600 scans. The method, mentioned in [10] and successfully used for Ca 2 in [18] , of excitation spectroscopy by tuning the laser over the transition frequencies to the desired levels and filtering the detected fluorescence with a monochromator, was not used for observing even higher v ′′ , i.e. 61 and 62, because for these levels, which exist only for J ′′ ≤ 8, the line separations of the P, R doublets become already smaller than the Doppler widths of the individual lines. Beam experiments would be needed to obtain sufficient resolution for this purpose.
III. DATA SET
The data set published in [10] figure 1 .
The assignment of the 15700 lines (5400 new since publication of [10] ) of the current data set was done using a partially automated software as already described in [10] (in a prior version in [19] ). This software uses the differences between individual lines of a selected progression to automatically assign them to a molecule and an electronic transition and to quantum numbers v ′ , J ′ , v ′′ and J ′′ , provided that the data of the ground and as much as available of the excited states of the molecules are input to the program. Additional lines which cannot be automatically identified to belong to the progression, because they extend significantly beyond the precisely known region of the ground state potential, are individually selected by the user before the program automatically assigns the best fitting quantum numbers.
In [10] the uncertainties for the differences of the line frequencies were estimated to be 0.005 cm −1 in most cases. This is one tenth of the applied resolution of 0.05 cm −1 . We keep this uncertainty for the lines which are taken from the earlier data set and also the lines newly measured using the same resolution. For the new lines measured with the higher resolution of 0.02 cm −1 we estimate a smaller uncertainty of 0.002 cm −1 for the stronger lines (S/N ratio larger than 5). For these lines a significant contribution of any Doppler shift can be excluded, since the excitation frequency was optimized on the center of the Doppler profile and thus the velocity components of the excited molecules parallel to the direction of observation will be very small. The specified uncertainty of the Fourier spectrometer for frequency differences within a spectrum is 0.001 cm −1 , still below the assumed experimental uncertainty. For weak lines and lines belonging to accidentally overlapping excitations an uncertainty of 0.004 cm −1 is assumed. The complete list of assigned lines can be found in the additional online material.
IV. RESULTS
For the ground state a potential energy curve is calculated using the same type of representation as in [10] (details can be found in [20] ). The central part of the potential (R i ≤ R ≤ R a ) is described by
with the nonlinear mapping function
The inner repulsive wall (R < R i ) is given by
while the long range part (R > R a ) is represented by
The coefficients a j are the main fitting parameters, while the parameter T m is adjusted to obtain at the point R a a continuous connection between the central and the long range part of the potential. R m in eqn. (2) is chosen close to the minimum of the potential. The parameters b and R i are manually chosen to optimize the fitting result with a small number of parameters a j . The real parameter n [21] is an additional fitting parameter, while the parameters A and B are adjusted for a continuously differentiable connection at the point R i .
The radius R a should be close to the LeRoy radius
, where r A and r B are the radial coordinates of the outermost electrons of atom A and atom B, here r A = r B = r Sr . The resulting LeRoy radius R b is 9.7Å or 10.5Å for the X state of Sr 2 , if r 2 Sr is taken from [23] or from [24] , respectively. The larger value R a = 10.5Å was chosen for the final potential evaluation. This choice should justify the neglect of a formal term for an exchange energy in the long range part according to eq. (4).
The residuals of the potential fit can be found as histograms in figure 2 compared to Gaussian profile fits. The plot for the main isotopologue 88 Sr 2 shows a symmetric profile with a FWHM of 0.8, while the shapes for the other two isotopologues are significantly wider and are not as symmetric as for the main isotopologue. This can be attributed to the much lower number of data for the isotopologues 86 Sr 88 Sr and 87 Sr 88 Sr and on average significantly weaker line intensities, which lead to a less precise determination of the frequencies.
The derived potential coefficients are given in table I. The normalized standard deviation of this potential fit is σ = 0.80 which indicates that the applied measurement uncertainties are as a whole not underestimated. It correlates to the width of the histogram in fig. 2 which also gives a normalized FWHM of 0.8 for the main isotopologue. The values of the dissociation energy D e and the equilibrium internuclear distance R e depend on the chosen potential description, namely on the number of potential coefficients a i , on the parameter b and on the connection radii R i and R a . The given uncertainties are 1σ standard deviations derived by comparing 35 different potential versions with different parameter settings which all had almost the same σ values. Compared to D e the value for D 0 (dissociation energy with respect to (v=0,J=0) for the main isotopologue 88 Sr 2 ) is less model dependent.
For the first potential fits the long range coefficients C 6 , C 8 , and C 10 were treated as free parameters. De- spite the precision of the energies of the levels v ′′ = 62, J ′′ = 0 and J ′′ = 2 from [15] incorporated in the fit, the set of coefficients is still significantly correlated. While the C 6 coefficient is quite well fixed the coefficients C 8 or C 10 can be varied over a larger range of values without a significant reduction in the quality of the description of the data set, if all other coefficients are adjusted accordingly. To estimate uncertainties for the long range coefficients different potential fits were done where each time the C 8 coefficient was held fixed at a different value within its range as given in the second column of table II. The results shown for the other C i coefficients are averaged values from the series of fits and their uncertainty bounds represent an increase of the sum of the weighted squared residuals by 2%, which is a quite safe limit, since only 113 of the 6077 energy levels included in the fit are directly affected by this change.
Because the derived uncertainty for the C 8 coefficient is significantly larger than the uncertainty claimed for the theoretically calculated coefficient by [13] (see the fifth column of table II) and also larger than the difference between the two available theoretical C 8 coefficients [12, 13] , additional potential fits were done, where each time the C 8 coefficient was held fixed at a value taken from [12] or [13] or the average of both. Such a procedure was also tried with the theoretical C 6 coefficients, but those resulting potentials gave a significantly less convincing description of the data set and also the resulting coefficients C 8 and C 10 showed strong deviations to the theoretical values. Additional fits were done for different numbers of potential coefficients a j and different connection radii R i and R a . For a few fits R a was set to values as large as 13Å, which led to significantly less well determined long range coefficients with higher correlation without obtaining a significant improvement in the description of the data. The resulting C i coefficients of all the fits using either the C 8 coefficient from [12] or from [13] or its mean value were averaged to obtain the recommended values, which are listed in the third column of the table II. The uncertainties are 1σ standard deviations of the averaged values. Table II compares the dispersion parameters derived with freely varied C i coefficients and the recommended values with the published theoretical long range coefficients from recent years. As one can see, the values in the second column are in good agreement with all the other values, while the recommended values do deviate from the most precise theoretical coefficient set from [13] more than one would expect considering the given uncertainties, there. This could be due to different reasons. The paper [13] used the lifetime of the atomic 1 S-1 P transition from [14] , which was calculated from the C 3 coefficient of the state 2 1 Σ + u fitted to photoassociation data. In [14] line broadenings of the PA resonances are mentioned, which could indicate predissociation due to the coupling to the continuum of electronic states from lower asymptotes and could lead to a systematic shift of these asymptotic levels of the state 2 1 Σ + u . Another reason could be that the presently derived uncertainties are underestimated because of a too low number of different potential descriptions used for averaging. The computing effort of testing the long range correlation by a Monte Carlo study would be enormous for the presently employed analytical type of potential description and the available hard and software.
A pointwise representation of the potential derived from the parameters in table I and the analytical potential description for the best fitting values obtained by freely varying C i coefficients can be found in the addi- tional online material. For the convenience of the reader we also made fits using the MLR potential description from [29] , which might allow for defining the potential by a lower number of parameters. It has the mathematical form
with the long-range function
and the exponential function
where
Three mapping functions y a b are defined as
where the placeholder a can either be 'e' for the equilibrium radius R e or 'ref ' for R ref and the exponent b can either be p or q. R ref is an expansion point at an internuclear distance larger than R e . The β i , C i , R e , and the dissociation energy D e are the fit parameters, while the parameter R ref and the exponents p and q are manually chosen to optimize the potential description with a minimum number of coefficients and to get the proper long range behavior.
The potential coefficients for the MLR description are given in table III, the normalized standard deviation is σ = 0.80 as for the description given in table I. Thus there is no significant difference in the quality of the description of the data set. The clear advantage of the potential description from table III compared to the potential description from table I is the lower number of potential coefficients necessary (14 β i instead of 20 a i ) and the fact that it is indefinitely continuously differentiable at all points which is not the case for the potential of table I at the points R i and R a . Disadvantages are the much more complex formula with three mapping functions instead of one and a much stronger correlation of the long range coefficients C i with the potential coefficients β i (see eqn (5)). For the potential description from table I the correlation between the C i and the a i is only due to the integration of the wave functions over the full potential region. Thus we applied the recommended C i values from table II for the fit of the MLR potential. The dissociation energy obtained in the MLR approach agrees very well to the derived value in table I. Table IV shows the derived scattering lengths of the different isotopic compositions and compares them to other recent publications. The values in the second column were calculated from the potentials which were applied for the estimation of the uncertainty of the long range coefficients as given in the second column of table II. The values in the third column of table IV are averages from different potentials which were obtained using C 8 coefficients from [12] and [13] and resulted in the recommended values in the third column of table II. It turned out that the influences of different connection radii R i or R a or numbers of parameters a j , which causes mainly a change in the central part of the potential, has a much larger influence on the scattering lengths than the question if the C 8 should be taken from [12] or from [13] . All of the potentials used reproduce the measured data nearly equally well and also the node positions of the scattering wave functions from photoassociation [1, 14] . The uncertainties given in the second and third column of table IV are 1σ standard deviations in units of the last digit shown. The uncertainties in the fourth column are taken from [15] . The last column provides the results from our earlier analysis in [10] for comparison. The very precise analysis of the present work is consistent with the values from [10] and with those from the photoassociation work [15] . The new determination yields about a factor of 2 smaller uncertainties than reported in [15] .
V. CONCLUSION
After publishing a description for the ground state potential for the region from 4 to 11Å and the vibrational interval from v ′′ = 0 to 48 in [10] , for the present paper we concentrated our work on the asymptotic levels of this state. By applying the same spectroscopic method but improving the detection scheme, increasing the signal averaging time and selecting appropriate excited rovibrational levels to reach the long range regime we were able to observe levels with v ′′ up to 60, while v ′′ = 62 would be the last existing one for low J ′′ . This allowed us to extend the potential region up to an internuclear distance of 23Å from our data set.
Including the term energies of the v ′′ = 62, J ′′ = 0 and J ′′ = 2 levels measured by photoassociation [15] , we were able to derive the long range coefficients C 6 , C 8 and C 10 . By taking the C 8 coefficient from theory [12, 13] , which has in our modeling a larger uncertainty than the theoretically calculated C 8 coefficient, we derived an internally consistent set of the remaining two coefficients C 6 and C 10 . This leads to a further reduction of the uncertainties in the calculation of the scattering lengths for all combinations of natural abundant isotopes of Strontium. We were also able to give a reliable value for the dissociation energy D 0 of the X state. The combination of the data of both the state 2 1 Σ + u [10] , and the ground state X 1 Σ + g can be useful for experiments producing ultracold molecules. The transition path successfully applied for this work to observe vibrational levels of the ground state close to the asymptote can be used in the reverse direction to transfer population of highly excited ground state levels to deeply bound vibrational levels of the X state within a single STIRAP step [30] . The asymptotic ground state levels, which can be populated e.g. by spontaneous decay after photoassociation, show the best For the near future we plan to further investigate the excited states of the Sr 2 molecule. We already started with the state 2 1 Σ + u and we will look for the state 1 1 Σ + u and a state of type 1 Π u for which we found one Q progression during this work. 
